Context: There is currently no consensus regarding optimal dose or dose-range of buprenorphine (BUP) for treatment of opioid use disorder (OUD). Objective: To elucidate the relationship between BUP dose and opioid receptor blockade, retention in treatment and illicit opioid drug use. Methods: Systematic review of the scientific literature through searches in the databases MEDLINE and PubMed. Results: The review of the opioid receptor blockade studies did not find evidence that a daily sublingual (SL) BUP tablet dose higher than 16 mg confers added blockade benefit, while doses under 8 mg are insufficient to produce opioid receptor blockade. The data are inconclusive regarding the relative effectiveness of an 8 mg SL BUP tablet dose versus a 16 mg SL BUP tablet dose in terms of opioid receptor blockade. The review did not establish any clear relationship between BUP dose and treatment retention or illicit opioid use. Conclusions: The BUP dose in treatment of OUD should be individualized based on a continuous clinical benefit-risk assessment. Further research is needed to better understand the relationship between dose and efficacy over time in patients with this complex disorder.
Introduction
One of the fundamental maxims taught in most medical school curriculums in clinical pharmacology is 'Primum Non Nocere' -i.e. 'First Do No Harm'. Although both the origins and applicability of this motto has been questioned, it still serves as a reminder that medical decisions carry the potential for harm and that selection of for instance the dose of medications should be based on a benefit risk assessment [1] . The introduction in recent years of molecularly targeted agents, in particular in oncology, has increased the opportunities to establish optimal benefit risk balance and the concept of maximally tolerated dose (MTD) has now for many medications been replaced with dose optimization leading to use within expanded therapeutic windows [2] .
Buprenorphine (BUP) is a medication used for treatment of opioid use disorder (OUD) and its efficacy in reducing illicit opioid use and mortality rate among opioid dependent patients is well established [3] . BUP is believed to exert its effects mainly through binding to mu opioid receptors (lOR) with high-affinity and slow dissociation kinetics while being a low-efficacy partial agonist [4] . In treatment of OUD the binding and blockade of lORs by BUP suppresses opioid withdrawal and cravings, reduces illicit opioid use and blocks the effects of exogenous opioids, including respiratory depression [4] . BUP also binds to delta and opioidreceptor-like 1 receptors and is a high-affinity kappa opioid receptor antagonist, but the relevance of these interactions in OUD treatment is unknown [4] .
The ability of BUP to block the effect of full opioid agonists on the lOR has been shown in pharmacological 'blockade' or 'challenge' studies where patients are first administered BUP at different doses and then challenged with drugs such as heroin or hydromorphone [4] . There are some authors of scientific publications claiming that an adequate opioid blockade requires an 'optimal exposure' with BUP plasma concentrations of 2-3 ng/ mL and that this is achieved with a daily sublingual (SL) dose of BUP or buprenorphine/naloxone (BUP-NLX) of 16 mg and higher [5] [6] [7] . However, others suggest that further research is needed to understand dose-response relationships in patients with this complex disorder [8, 9] .
To investigate the scientific evidence behind dosing recommendations for the use of BUP in OUD we have performed a systematic review of the literature reporting effects of different BUP doses on opioid receptor blockade, retention in treatment and illicit opioid drug use.
Methods
A systematic search of the published literature regarding SL BUP dose and opioid blockade, retention in treatment and illicit opioid drug use in clinical trials and cohort studies was performed in the databases MEDLINE and PubMed using a broad panel of terms including 'opioid dependence', 'opioid use disorder' and 'buprenorphine' combined with 'clinical trial', 'opioid blockade', 'opioid challenge', 'hydromorphone', 'mu-opioid receptor', 'withdrawal', 'craving', 'retention', 'opioid use', and 'urine samples' with no search restrictions. As the indexing using these databases of articles was not accurate enough to systematically and comprehensively capture all relevant published studies, the searches had to be complemented with inclusion of publications referenced by those found in the searches and with publications known to the authors. The publications were divided into blockade studies and randomized clinical trials. The randomized clinical trials were limited to those with a duration of at least 24 weeks in order to capture all the treatment phases induction, stabilization and maintenance in this chronic relapsing remitting disease generally requiring long-term therapy. Furthermore, a clinical efficacy trial duration of 24 weeks is required by regulatory agencies for approval of new medications for treatment of OUD [7, 10] . The clinical trials selected were also limited to those conducted in Europe and North America.
The publications identified in the searches included studies of both oral liquid and SL tablet formulations of BUP. Pharmacokinetic studies have found the relative bioavailability of SL tablets versus oral liquid to be 64% [11] and 71% [12] . In order to make comparisons between the studies, a conversion factor of 1.5 was therefore used to calculate the approximate BUP SL tablet doses corresponding to the oral liquid BUP formulation doses. In two of the opioid blockade studies, the liquid formulation was administered subcutaneously and in the absence of pharmacokinetic data to inform a corresponding SL tablet dose, these studies have been excluded from the analysis.
The review of outcome measures in the opioid blockade studies focused on subjective opioid effects or suppression of withdrawals or cravings as those were consistently assessed in all studies. For the randomized clinical trials, the efficacy outcomes of retention in treatment and illicit opioid drug use were selected as these, in contrast to withdrawal and cravings, were consistently assessed in almost all publications. Analysis of the lowest effective ceiling dose for BUP was only conducted for the blockade studies. The review was not focused on safety outcomes, such as hepatic toxicity and cardiotoxicity, neither on misuse nor diversion, which are other factors that might contribute to BUP dose benefit-risk assessment.
A statistical analysis using weighted correlation coefficients was performed to describe the association between retention in treatment and illicit opioid use and the dose. The number of patients per study was used as weights.
Results

Opioid blockade in relation to buprenorphine dose
There were 15 opioid blockade studies with BUP included in the systematic review (Table 1 ) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Six of these studies were conducted with the oral liquid formulation of BUP, which provides higher plasma exposures per milligram dose than the BUP SL tablet formulation [11, 12] . Two of the studies were conducted with subcutaneously administered BUP and therefore excluded from the analysis. Many of the studies included a small number of subjects and the BUP run-in time and the time since last BUP dose prior to opioid challenge varied considerably between the studies. The highest challenge dose of the full lOR agonist also varied among the studies. Many of the studies did not include the full dose-range of BUP, e.g. most studies did not include an 8 mg SL BUP dose. Only 7 studies included a BUP dose over 16 mg and among those 5 did not include any dose between 16 and 32 mg. The lowest ceiling dose observed for blockade of subjective opioid effects or suppression of withdrawals or cravings ranged between 3 mg and 18 mg as follows: 3 mg (1 study), 8 mg (3 studies), 12 mg (4 studies), 16 mg (4 studies) and 18 mg (1 study). Most studies found doses under 8 mg to be ineffective in producing opioid receptor blockade. There were 10 studies that included a dose of 16 mg or higher and 5 of these found a dose below 16 mg to be at least equivalent to higher doses in producing blockade effects. The studies that reported a dose of 16 mg or higher to be most effective generally included higher challenge doses of a lOR agonist compared to the studies where a dose under 16 mg was found to be most effective. Only 3 studies included both tablet doses of 8 mg and 16 mg and in two of these studies the 8 mg dose was found to be as effective as the 16 mg dose. None of the 6 studies that included a BUP tablet dose of 32 mg or higher reported these doses to be more effective than doses of 16 mg or lower in blocking the subjective effects of opioids and suppressing withdrawal and cravings.
Retention and illicit opioid use in relation to buprenorphine dose There were 15 randomized controlled trials included in the systematic review ( Table 2) [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . The definition of retention varied across the studies. The incentives for the patients to remain in treatment and for investigators to retain the patients also varied between the studies, but as this is not consistently described it is difficult to report. For the analysis of illicit drug use, there were variations in the sensitivity and specificity of the urine drug screen assays used, the timepoints for urine drug screenings, and whether or not imputation of missing samples was performed. Furthermore, it is not possible to make any comparisons between fixed versus variable doses and supervised versus unsupervised dosing with regards to retention between these studies as these factors were not consistently reported.
The range of BUP/BUP-NLX dose investigated varied among the studies, but only two studies included doses higher than 24 mg. The mean dose in the studies varied with an average dose of 12.9 mg across all studies ( Table 2 ). The number of patients RetenƟon (%)
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CorrelaƟon Coefficient = -0.08 Figure 1 . Retention versus BUP mean daily dose in prospective clinical trials in OUD. The letters A to P denotes the studies in Table 2 . BUP: Buprenorphine; OUD: Opioid Use Disorder.
treated with BUP/BUP-NLX in the studies ranged from 20 to 738. There was no clear correlation between BUP/BUP-NLX dose and the reported treatment retention and illicit opioid use during the study periods ( Table 2 and Figures 1 and 2) . The correlation coefficients weighted for sample size of the studies for the outcomes in relation to dose were -0.08 for retention and 0.09 for illicit opioid use.
Discussion
This systematic review of opioid receptor blockade studies and randomized clinical trials with BUP with a duration of 24 weeks or more indicates that the currently available data do not enable any conclusions with regards to the optimal dose for either opioid receptor blockade, retention in treatment or reduction in illicit opioid use. For opioid receptor blockade, most studies indicate that a dose under 8 mg is not effective. As a full dose range was not included in most studies, firm conclusions on dose-response relationship and a minimum effective dose for opioid receptor blockade are difficult to draw. Only three studies included for instance both the doses 8 mg and 16 mg, and only two studies included a dose between 16 and 32 mg BUP. In the two most recently conducted opioid receptor blockade studies with SL BUP there were no differences between 8 mg and 32 mg [26, 27] . One of these studies used a highest challenge dose of 12 mg hydromorphone, which is lower than the challenge doses of lOR agonists used in most studies where a BUP dose of 16 mg was the most effective in producing opioid receptor blockade. It is difficult to determine the corresponding BUP concentration provided by the 8 mg SL tablets in these two studies as no PK samples were taken, but the corresponding mean average BUP plasma concentrations are likely below 2 ng/ml. A recently published study with an extended-release formulation of BUP has shown that opioid receptor blockade can occur with BUP plasma concentrations below 2 ng/ml. Blockade of opioid effects after a challenge with 18 mg of hydromorphone administered intramuscularly was observed in this study at a mean BUP plasma concentration of approximately 1.25 ng/ml [45] . In contrast, opioid receptor blockade, based on a modeling exercise from two brain imaging studies with positron emission tomography (PET) of 5 and 10 subjects, respectively [25, 28] , has been hypothesized to require a BUP plasma concentration of 2-3 ng/ml associated with at least 70% lOR occupancy [5] . In these studies, the 8 mg SL BUP tablet dose was not examined, and the absence of a full dose range makes conclusions on the optimal dose difficult.
In the randomized clinical trials with a duration of at least 24 weeks, there was a wide variation in retention in treatment and no clear relationship between dose and retention could be established. A large variation in retention was also found in another recent systematic review [46] . In contrast, a further systematic review indicates that daily SL BUP doses of 16 mg results in higher retention compared to lower doses [47] . A systematic Cochrane review indicates that daily doses 2 mg results in higher retention compared to placebo and that doses 8 mg results in retention rates that are comparable to treatment with methadone [48] . The reasons for the conflicting results in these reviews might be related to the inclusion of studies of different durations, with the two latter reviews including mostly studies with shorter durations under six months. A major limitation of the present systematic review is that shorter studies, that may be relevant for defining the most effective doses for retention during the initial phases of treatment, are excluded. The dose response relationship examined in shorter studies will to a greater extent be influenced by retention during the induction phase of BUP treatment, i.e. the treatment phase in which the drop-out rate is highest. This was demonstrated in a recent large induction study with SL BUP-NLX which reported that approximately 25% of patients withdrew from treatment during the first 15 days [49] . In addition, approximately 24% of patients withdrew during the 7-14 day SL BUP run-in period in a trial of an extended-release BUP formulation [7] . That doses of 16 mg and higher may be associated with lower drop-out during the induction phase has been shown in analyses of outcome trajectories from the START clinical trial in the US [40, 50] . Interestingly, in this study the statistically significant difference in retention for patients treated with 16 mg BUP versus <16 mg BUP was found only for drop-out during the first 28 days, and not for drop out during the later stage of the trial [50] . The importance of a dose of 16 mg daily SL BUP or higher Opioid negaƟve samples (%)
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CorrelaƟon Coefficient = 0.09 Figure 2 . Illicit opioid use versus BUP mean daily dose in prospective clinical trials in OUD. The letters A to P denotes the studies in Table 2 . BUP: Buprenorphine; OUD: Opioid Use Disorder.
during the induction phase was also demonstrated in an observational cohort study from Italy, where a dose of 16 mg in the induction phase was associated with better outcomes than lower doses [51] . In contrast, long-term prospective observational studies from Italy, UK and Germany show no correlation between retention and higher mean BUP doses [52] [53] [54] , supporting the findings in this systematic review of longer randomized controlled trials with a duration of over 24 weeks. The present systematic review did not establish a dosedependent reduction of illicit opioid use with increasing BUP dose. The variation in illicit drug use reported was high across studies and might be influenced by a number of factors such as the sensitivity and specificity of the urine drug screen assay used, the timepoints for urine drug screens, and whether missing samples were imputed. In addition, the results might differ between studies depending on the demographics of the study populations and the treatment settings. However, despite high mean doses in some studies, which result in BUP plasma exposures at steadystate well over 3 ng/ml conferring a high level of opioid receptor blockade, there was still considerable use of illicit opioids in a large proportion of the patients. The continued use of illicit opioids despite high doses of BUP is also shown in the recently published studies with extended-release formulations using flexible [10] or high fixed doses of BUP [7] . Reduction in opioid cravings conferred by opioid receptor blockade might not be sufficient to stop illicit drug use in all patients and this is further supported by a recent finding of low correlation between opioid cravings and opioid use in patients treated with BUP [55] .
In treatment of OUD, dosing of the full opioid receptor agonist, methadone, is tailored to the individual to provide their optimum dose, a practice that is based on both clinical studies and real world evidence [56, 57] . For BUP treatment this has not always been the case although a recent cohort study from Spain investing dose adequacy in patients receiving SL BUP indicates that the dose should be adjusted individually to the patient [58, 59] .
Conclusions
In summary, this systematic review has not found evidence that a daily SL BUP tablet dose of higher than 16 mg confers added opioid receptor blockade benefit. Daily doses below 8 mg are not sufficient to provide opioid receptor blockade in most patients. The data are inconclusive with regards to the relative effectiveness of a daily 8 mg versus a 16 mg SL BUP tablet dose to provide lOR blockade. The present review does not report any firm conclusions regarding BUP dose and treatment retention or illicit opioid use, partly due to the different methodologies used in the studies included in the review. Overall, the findings indicate that the BUP dose in treatment of OUD should be individualized based on a continuous benefit-risk assessment, as is currently the case with methadone. Further research is needed to better understand the relationship between dose and efficacy over time in patients with this complex disorder.
